Abstract: Minimum bit error rate (MBER) criterion is formulated to minimize the bit-error-rate (BER) of a communication system, which is the true performance indicator in channel equalization. However, MBER decision feedback equalizer (DFE) undergoes slow convergence speed, and BER misadjustment in long multipath channel as demonstrated in this paper. We propose a MBER-DFE receiver adopted with recursive least square (RLS) adaptive algorithm. Results showed that the proposed receiver can achieve faster convergence rate and considerable performance as compared to conventional MBER receiver in a realistic long ultra-wideband (UWB) multipath channel. Keywords: minimum bit error rate, bit error rate, decision feedback equalizer, recursive least square, ultra wideband Classification: Microwave and millimeter wave devices, circuits, and systems
Introduction
In digital communication, adaptive equalization is a common technique used for channel estimation and interference mitigation, such as inter-symbol interference (ISI) and multiple-access interference (MAI) [1] . Such equalization technique requires optimization criterion such as maximum likelihood sequence estimation (MLSE), and minimum mean square error (MMSE). Due to the high complexity in MLSE receiver, MMSE is the most popular methods used for channel equalization. However, studies show that the biterror-rate (BER) is the true performance indicator and therefore minimum bit error rate (MBER) criterion is formulated [2] . MBER receiver has been shown to outperform MMSE receiver significantly. A least mean square (LMS)-style stochastic gradient adaptive MBER criterion is proposed and the algorithm has the similar low-complexity computation as the LMS algorithm [2] . An alternative of MBER criterion, called the stochastic approximate minimum bit error rate (AMBER) has been shown to achieve comparable BER performance to the stochastic gradient MBER criterion with less computation complexity than the LMS algorithm [3] . However, AMBER algorithm requires large amount of training data to obtain optimal BER. In [4] , a new LMS-style stochastic MBER, which is the least bit error rate (LBER), has been developed. Simulation results indicate that the LBER receiver achieves significant performance gain compared to the MMSE receiver in multipath channel. On the other hand, MBER criterion has been studied in DFE [5] , and found to have slow convergence speed too. Under this circumstance, MBER algorithm may not converge to a point where it can separate the noises correctly.
Therefore, we attempt to study the performance of the LMS-style MBER-DFE receiver in severe multipath channel in terms of convergence speed and BER misadjustment in this paper. We choose UWB channel in our analysis since a typical high data rate UWB indoor channel response usually contains 60-200 multipaths [6] , which cause severe intersymbol interferences (ISI) even in a single user environment [7] . In long multipath channel, slow convergence rate and BER misadjustment may occur due to the presence of feedback propagation errors in DFE. We develop a low complexity recursive MBER-DFE receiver to overcome this problem. Finally, we analyze the BER performance, and study the convergence rate and the BER misadjustment of the proposed receiver.
System model
In this paper, we have chosen UWB as a transmission channel in our system design since it has long multipath channel characteristic. A simple binary phase shift keying (BPSK) UWB system transmits extremely short pulses in the form of [8],
where {b [i]} ∈ {−1, 1} represents the BPSK bit stream and p(t) is the UWB pulse with a symbol duration, T s . The UWB has a standard multipath channel model defined in the IEEE P802.15.3a Wireless Personal Area Networks [6] . This UWB channel model is derived from the Saleh-Valenzuela model with slight modifications. The received signal after passing through the multipath channel is given as [8],
where h [m] is the UWB impulse response, n(t) is the additive white Gaussian noise (AWGN) with zero mean and variance N 0 /2. M is the number of paths in the multipath channel and τ is the multipath delays. The received signal is then filtered by a DFE [1] and the output of a k th detected symbol is:
where 
MBER decision feedback equalization
In order to reduce the computation of simulation, a simplified stocastic MBER criterion, named as AMBER [3] is used. Using the LMS adaptive algorithm, the adaptive AMBER-DFE can be illustrated as,
where μ f is the feedforward LMS step size and μ b is the feedback LMS step size. I k is the indicator function with non-negative threshold τ given as,
The purpose of having the threshold parameter τ is to increase the convergence speed for adaptation of the receiver.
Recursive MBER decision feedback equalizer
In this paper, we propose an alternative of MBER criterion using the simplified deterministic recursive RLS adaptive algorithm [1] , called recursive MBER (RMBER). The modified RMBER-DFE can be described as,
where P f and P b are the inverse of the deterministic correlation matrix for the feedforward and feedback input signals and are given as,
where λ is an exponential factor that should be chosen in the range 0 ≤ λ ≤ 1, and
T are the auxiliary vectors for the feedforward and feedback signals required to reduce the computation complexity. The initial value of P f and P b are expressed as,
where η f is the feedforward RLS step size and η b is the feedback RLS step size. Φ is the matrix identity.
Results and discussion
In this section, we present simulation results for five different receivers: the linear MMSE, non-linear MMSE-DFE, AMBER-DFE, LBER-DFE and the proposed RMBER-DFE. We evaluate the BER performance and the convergence rate of the above receivers using UWB multipath channel model 1 (CM1) and channel model 4 (CM4) [6] . The feedforward LMS step sizes μ f used for the MMSE and MMSE-DFE are 0.01 for fair comparisons. The feedback LMS step sizes μ b of the MMSE-DFE, AMBER-DFE and LBER-DFE receivers and, the feedback RLS step size η b of the RMBER-DFE receiver are chosen as 0.0001 and 10000 respectively to minimize propagation feedback errors. Besides that, the thresholds τ used for the AMBER-DFE and RMBER-DFE are 0.5 and the exponential factor λ used for the RMBER-DFE is 0.98. The tap lengths for the feedforward filter, u and the feedback filter, v are 7 and 1 respectively. The feedforward LMS step sizes μ f of the AMBER-DFE and LBER-DFE receivers and, the feedforward RLS step sizes η f of the RMBER-DFE receiver are varied thorough the simulations for performance comparisons. Fig. 1 and 2 shows the BER performance of five different receivers at a data rate of 150 Mbps under CM1 and 35 Mbps under CM4 respectively. In Fig. 1 , the AMBER-DFE, LBER-DFE and the proposed RMBER-DFE receivers outperform the performances of the MMSE and MMSE-DFE receivers under CM1. Notice that the MMSE-DFE achieves better BER performance than the linear MMSE receiver. At a BER of 10 −4 , both the LBER-DFE receivers with μ f = 0.01 and μ f = 0.001 and the proposed RMBER-DFE receivers with η f = 100 and η f = 1000 have approximately the same BER performances. Both receivers achieve a gain of about 0.5 dB compared to the MMSE-DFE with μ f = 0.01. However, it is well observed that the AMBER-DFE receiver with μ f = 0.001 has a substantially performance decrement of about 4 dB compared to the proposed receiver.
BER performance comparisons

Fig. 1. BER comparison of the MMSE, MMSE-DFE,
AMBER-DFE, LBER-DFE and proposed RMBER-DFE receivers in UWB channel CM1 for 150 Mbps of data rates.
In Fig. 2 , the AMBER-DFE, LBER-DFE and the proposed RMBER-DFE receivers again outperform the performances of the MMSE and MMSE-DFE receivers under CM4. At a BER of 10 −4 , the MMSE-DFE achieves a gain of about 0.5 dB compared to the linear MMSE receiver. Nonetheless, the LBER-DFE and the proposed RMBER-DFE receivers have the smiliar best BER performances. Notice that the RMBER-DFE receiver suffers slightly performance degradation when the feedforward step size increases from 100 to 1000. On the other hand, both LBER-DFE and RMBER-DFE receivers achieve a gain of about 1 dB and 2 dB compared to the MMSE-DFE with μ f = 0.01 and μ f = 0.001. Hence, both results show that the performance of the LBER-DFE and the proposed RMBER-DFE receivers with different feed- forward step sizes remain superior over the AMBER-DFE receivers without suffering any BER misadjusment.
Convergence rate
In this section, we study the convergence rate of the AMBER-DFE, LBER-DFE and the proposed RMBER-DFE at E b /N 0 = 15 dB under UWB channel CM1 and CM4 as presented in Fig. 3 . The simulated data transfer rates are 150 Mbps and 35 Mbps respectively. We compare the convergence behavior by varying the feedforward LMS step sizes μ f of the AMBER-DFE and LBER-DFE receivers and, the feedforward RLS step sizes η f of the RMBER-DFE receivers.
In Fig. 3 (a) and (b), both the proposed RMBER-DFE with η f = 100 and η f = 1000 have the fastest convergence rates. They reach the optimum BER in less than 500 of iteration. On the other hand, the AMBER-DFE receivers with μ f = 0.01 and μ f = 0.001 require approximately 750 of iteration and 2500 of iteration respectively under CM1 and approximately 500 of iteration and 2500 of iteration respectively under CM4. However, the LBER-DFE receivers suffer the slowest convergence rate in long multipath channel. The LBER-DFE receivers with μ f = 0.01 require approximately 2000 of iteration under CM1 and 1000 of iteration under CM4 respectively. Notice that the LBER-DFE receivers with μ f = 0.001 require more than 2500 of iteration under both channels. Hence, both results show that the proposed receivers remain fast convergence rate with different feedforward step sizes compared to the AMBER-DFE and LBER-DFE receivers. 
Conclusion
A recursive least square receiver using the MBER criterion has been proposed in a typical long multipath channel to mitigate ISI. It has been presented that the proposed RMBER-DFE receiver is capable of achieving significant BER performance gains against the AMBER-DFE receiver while obtaining faster convergence rate compared to the LBER-DFE receiver with different variation of feedforward step size. Therefore, the proposed receiver has fast convergence rate as well as considerable BER performance.
